ABSTRACT Highly significant QTL for BW and abdominal fat traits on chicken chromosome 1 were reported previously in a unique F 2 population. The objective of this study was to confirm and refine the QTL locations. Compared with the previous experiment, this study added 8 new families, including all the animals in the pedigree, and genotyped 9 more microsatellite markers, including 6 novel ones. Linkage analyses were performed. The results of the linkage analyses showed that the confidence intervals for BW and abdominal fat percentage
INTRODUCTION
Body weight has been intensively selected for more than half a century and will continue to be one of the most important economic traits in broiler breeding programs. Progress in rapid growth has been accompanied by an increase in fat deposition in the broiler. Fat is considered a by-product with very low commercial value, and a large amount of fat deposition can decrease feed efficiency. Knowledge of the position and effects of QTL affecting BW and abdominal fat traits would be useful for MAS and for understanding the genetic background of traits.
Over the past few years, several experimental crosses of chickens have been used to detect QTL for BW and abdominal fat traits. Chromosome 1 is the largest of these in the chicken genome. Quantitative trait loci for growth and fat traits have been reported on chicken chromosome 1 (Abasht et al., 2006) . These studies have facilitated further were narrowed sharply to a small interval spanning 5.5 and 3.7 Mb, respectively. The results of the present study showed that using more markers and individuals could decrease the confidence interval of QTL effectively. In the current QTL region, by combining the biological knowledge of genes and the results of a microarray analysis that was performed in divergently selected lean and fat lines, several genes stood out as potential candidate genes.
fine-mapping of QTL and the identification of causal genes. However, identification of the underlying genes still remains one of the major challenging tasks because the confidence interval (CI) of most reported QTL covers more than 20 cM (Soller et al., 2006) or sometimes a whole chromosome (Schreiweis et al., 2005) , which is insufficient for positional cloning of the underlying genes. Two factors limiting the achievable mapping resolution are marker density and sample size. Although increasing the marker density is time-consuming in many organisms, it is conceptually the simplest bottleneck to resolve (Nezer et al., 2003) . Major steps toward fine-mapping of QTL can be assisted simply by increasing the sample size because of the inverse relationship between resolving power and increasing the sample size (Darvasi and Soller, 1997) .
We reported the initial genome scan that mapped QTL for BW and abdominal fat traits on chicken chromosome 1 by using a unique F 2 design of a broiler × layer cross (Liu et al., 2007) . The QTL interval was flanked by markers LEI0079 and ROS0025, spanning 50.8 cM in genetic distance or 24 Mbp of the chicken genome sequence (http:// www.genome.ucsc.edu/). This interval was too large to identify causal genes or markers for improving chicken production. The objectives of this study were to refine the previously reported QTL interval by increasing the population size and linkage map density, and to investigate the benefit of increasing the marker density and sample size. 
MATERIALS AND METHODS

Animal and Experimental Design
The Northeast Agricultural University Resource Population was used in the current study and was described previously by Liu et al. (2007) . Briefly, this population was a uniquely designed F 2 population, and was established by crossing broiler sires derived from a high abdominal fat line divergently selected for abdominal fat with Baier layer dams (a Chinese native breed). The F 1 birds were intercrossed to produce an F 2 population. All F 2 birds had free access to feed and water. Commercial corn-and soy- The names of markers beginning with "NEAU" were novel microsatellite markers found based on the genome sequence.
bean-based diets that met all NRC (1994) requirements were provided in the study. From hatch to 3 wk of age, birds received a starter feed (3,000 kcal of ME/kg and 210 g/kg of CP) and from 3 to 12 wk of age, birds were fed a grower diet (3,100 kcal of ME/kg and 190 g/kg of CP; Wang et al., 2006) . Body weights of F 2 individuals were measured at hatch and weekly up to 12 wk of age. Carcass weight (CW) and abdominal fat weight (AFW) were recorded at 12 wk of age. The fat measure was also expressed as a percentage of BW at 12 wk of age, denoted as abdominal fat percentage (AFP). Trait means and variations (SD) are presented in Table 1 . The 1,011 F 2 individuals used in this study were derived from 12 half-sib families.
Marker Density and Genotype Data
Genomic DNA was isolated from venous blood samples by using a phenol-chloroform method (Wang et al., 2006) . Genotypes on 3 microsatellite markers (LEI0079, ADL328, and ROS0025) for 369 individuals of 4 families were available from the previous study (Liu et al., 2007) . Within the reported QTL region (Liu et al., 2007) , 9 additional microsatellite markers were added in this study. Of these, 3 were selected from a public database (http:// www.thearkdb.org/) and the rest were novel microsatellite markers isolated based on the chicken genome sequences (http://www.genome.ucsc.edu/). The size and primers of markers, with an expected average marker interval of 2 Mb, are listed in Table 2 . Polymerase chain reactions for all the markers were carried out separately.
The PCR products were electrophoresed by using an ABI377 sequencer (Applied Biosystems, Foster City, CA). Genotypes of 12 microsatellite markers were assessed for 1,011 F 2 individuals, their parents, and the F 0 birds by using GeneScan3.1 and Genotyper2.1 (Applied Biosystems) as described by Liu et al. (2007) .
Linkage Map Construction
Marker order and map distances were estimated by using Crimap 2.4 software (Green et al., 1990) . The CHROM-PIC option was used to identify unlikely double crossover. The FLIPS option with a 5-marker window was used to obtain the most likely order given the present data set. A sex average linkage map was built by using the BUILD option. All markers used in this study were anchored into the chicken genome database (http://www.genome.ucsc.edu/) to obtain the genome positions.
QTL Linkage Mapping
The F 2 regression analysis was carried out and implemented by using QTLexpress software (Seaton et al., 2002) . The QTL effects (additive and dominant effects) were fitted in a model with sex, hatch, and family as fixed effects (all tests for sex × QTL or family × QTL were not significant). In addition, the BW at hatch (BW0) was fitted as covariate for BW of 4 to 12 wk of age (QTL for BW4 to BW12 reached chromosome-wide significance in a previous chromosome scan), and CW at 12 wk of age was fitted as a covariate for AFW and AFP. The phenotypic variance explained by QTL was calculated as the difference in the residual sums of squares between the full model (including QTL) and reduced model (without QTL). Significance thresholds were calculated by using permutation tests (Churchill and Doerge, 1994) . For each test point, a total of 10,000 permutations were computed to determine the empirical distribution of the statistical test under the null hypothesis, and the 95% CI for each QTL was calculated from 10,000 bootstrap samples (Visscher et al. 1996) .
RESULTS
Construction of an Integrated Genetic Linkage and Physical Map
Genotypes for 12 microsatellite markers were used to build a new linkage map. The linkage map covered 181.8 cM from the first marker (LEI0079) to the last one (ROS0025; Table 3 ). The map order was in line with map Consensus 2000 (Groenen et al., 2000) . However, adding 9 additional microsatellite markers in the QTL region reported previously (Liu et al., 2007) and detecting more individuals extended the length of the chromosome by 131 cM. Sequences of the markers were compared with the chicken genome database (http://www.genome.ucsc.edu/) and their physical positions were confirmed, as shown in Table 3 .
QTL for BW and Fat Composition
As shown in Table 4 , QTL for BW and AFP were identified in this study, confirming the previous findings. Their F-ratios were higher than those from the previous study (Liu et al., 2007) . Nevertheless, the F-ratio for QTL for AFW reached suggestive significance (single-position significance, P < 0.01) in the present study, whereas it was at 5% chromosome-wide significance in the previous study. Very strong evidence pointing to QTL for BW12 was suggested between markers NEAU0006 and ADL0328, and the most likely position was at 590 cM or at marker ADL0328. The QTL effects explained 7.00 (for BW4) to 10.60% (for BW8 and BW12) of phenotypic variance. A significant QTL for CW was also identified at 590 cM. The QTL for AFP peaked between markers ADL0328 and NEAU0010 and explained 3.96% of the phenotypic variance.
The QTL CI estimated from bootstrap samples are listed in Table 4 . The intervals for CW and BW at 9 to 12 wk of age ranged from 40 to 70 cM, locating between 169.8 and 175.3 Mb of genomic sequence. The interval for AFP was small (25 cM) and partially overlapped with those for BW and CW, whereas this value was very large for AFW (181 cM).
DISCUSSION
QTL for BW and AFP
The highly significant QTL affecting BW and AFP on chromosome 1 reported previouly (Liu et al., 2007) has been identified in several studies (Van Kaam et al., 1999a,b; Tatsuda and Fujinaka, 2001; Burt and Hocking, 2002; Ikeobi et al., 2002 Ikeobi et al., , 2004 Sewalem et al., 2002; De Koning et al., 2004; Jennen et al., 2004 Jennen et al., , 2005 Gao et al., 2006; Lagarrigue et al., 2006; Nones et al., 2006; Park et al., 2006) . However, the location of QTL identified in the previous study remained very imprecise. In an attempt to refine its location, the 2 factors affecting mapping resolution were considered simultaneously: more markers (12 markers, compared with 3 in the previous study) and a larger sample size (12 F 1 families and 1,011 F 2 animals, compared with 4 F 1 families and 369 F 2 animals in the previous study) were used in the current study. In the present study, QTL for BW and AFP reported previously were confirmed and positioned more precisely. However, the QTL for AFW, which reached 5% chromosome-wide significance in the previous study, was suggestive of linkage in this study. This may suggest a false positive finding owing to the relatively small sample size in the previous study. In addition, the marker density of the previous study was low, and this may have been a possible reason for the false positive QTL finding. Therefore, additional genotyping was beneficial to select QTL for fine-mapping and to avoid searching for a gene that was not present (Rattink et al., 2000) . The additive effects of QTL for BW were positive, indicating that the alleles increasing BW derived from the highweight broiler lines, although the QTL affecting AFP was still cryptic because the additive effect of the QTL was Marker positions in the consensus map of Groenen et al. (2000) .
3 USCS = University of California-Santa Cruz.
negative. This indicated that the allele increasing fat composition may derive from the dam line (the AFW and AFP of which were lower than those of the sire line). The reason that the cryptic QTL might exist in a population is complicated. Cryptic QTL can be detected in QTL mapping studies because of no or limited selection for the trait, drift, pleiotropic effects of the QTL allele on other traits that are under selection, or close linkage and linkage disequilibrium with QTL that are under selection (Abasht et al., 2006) . Cryptic QTL would be difficult to apply in breeding programs because we do not know whether they represent true single-locus effects or whether they appeared because of epistasis (Abasht et al., 2006) . Using the new linkage map, we carried out bootstrap analyses to calculate the QTL CI. In the previous study, the CI for BW and AFP was approximately 50 cM or 24 Mb, which covered the region of markers LEI0079 to ROS0025 (our unpublished data). The results of this study showed that the CI for BW and AFP were narrowed sharply to a small interval containing 5.5 and 3.7 Mb of genome sequences, respectively. Table 3 .
2
Phenotypic variance = percentage difference in the residual sums of squares between the full and reduced model. †Suggestive linkage, single-position significance, P < 0.01; **chromosome-wide significance, P < 0.01.
From the genomic biology database (http:// www.ncbi.nlm.nih.gov/Genomes/), approximately 300 identified genes were found in this region, 8 of which were identified based on their known biological mechanisms (Table 5 ). The functions of still many other genes are as yet unknown. Conservation of synteny between the human and chicken makes it possible to identify regions on the human map that are homologous to the QTL region in the chicken. For the QTL region of GGA1, the homologous human region is HSA13. However, comparative mapping is complicated because the QTL region for GGA1 is large and partly crossing the breakpoint of 2 conserved synteny groups, although the 2 groups belong to one chromosome. Another important tool for candidate gene selection is microarray analysis, especially if there are detectable differences in steady-state mRNA levels at the temporal and spatial coordinates selected for study (Jerez-Timaure et al., 2005) . Because de novo fatty acid synthesis in birds takes place mainly in the liver, most studies have been performed on hepatic tissue. Few studies have been conducted to analyze the adipose tissue expression of genes involved in pathways and mechanisms leading to adiposity in chicken. Some studies have combined research on gene expression and QTL mapping; however, these results have shown few potential candidate genes (Douaire et al., 1992; Daval et al., 2000; Assaf et al., 2004) . Our group used chicken genome arrays to investigate genes involved in fat deposition . In that study, genome arrays were used to construct an adipose tissue gene expression profile of 7-wk-old broilers in divergently selected lean and fat lines. Gene expression profiling identified approximately 50 genes expressed in chicken adipose tissue at 7 wk of age in the QTL region in this study. According to the method used by Wang et al. (2007) , 2 of these expressed genes were differentially expressed, and 4 of them were highly expressed (Table 5) .
Effects of Using More Markers and Individuals
Many studies have shown that increasing marker density and population size can improve QTL resolution effectively. To fine-map QTL for pig fatness traits, Rattink et al. (2000) genotyped 25 additional markers, and the location of backfat thickness QTL was reduced to a 33-cM CI. Gautier et al. (2006) reported that 2 linked QTL affecting milk fat yield in dairy cattle were fine-mapped by using more markers and animals. However, the power of detecting a QTL was actually the same for a marker spacing of 10 cM as for an infinite number of markers, and was only slightly decreased for a marker spacing of 20 or even 50 cM in linkage analysis (Darvasi et al., 1993) . Darvasi and Soller (1997) indicated that resolving power was inversely related to sample size and to the square of the QTL gene effect. When the effect of QTL was fixed, sample size played a key role in narrowing the CI of QTL mapping. A simulation study (Da et al., 2000) indicated that a population of 1,000 individuals could map a QTL to a narrow chromosome region of 1.5 cM if no linked QTL were present. As the sample size is increased, the CI would be further narrowed; however, for a sample size beyond 2,000, the decrease in width of the CI would become lower (Da et al., 2000) . This suggests that using a sample size 1,000 to 2,000 may be appropriate for the purpose of fine QTL mapping. In the current study, more markers and individuals were used to fine-map QTL for BW and AFP, and CI of the QTL of interest was narrowed from 24 Mb to 5.5 and 3.7 Mb, respectively, justifying the benefits of using more markers and individuals.
In summary, this study confirmed that further addition of more markers and more animals increased the precision of mapping. Previously reported QTL for BW and fat deposition were confirmed. The QTL location and CI were narrowed. Additional significant markers were identified and will have significant benefits for improvement of MAS. Fourteen potential candidate genes were selected for further study of the genetic architecture of QTL for BW and abdominal fat traits.
